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ABSTRACT: In this work we study the nature of the band gap in GeSn alloys for use in silicon-based lasers. Special attention 
is paid to Sn-induced band mixing effects. We demonstrate from both experiment and ab-initio theory that the (direct) Γ-
character of the GeSn band gap changes continuously with alloy composition and has significant Γ-character even at low (6%) 
Sn concentrations. The evolution of the Γ-character is due to Sn-induced conduction band mixing effects, in contrast to the 
sharp indirect-to-direct band gap transition obtained in conventional alloys such as Al1-xGaxAs. Understanding the band 
mixing effects is critical not only from a fundamental and basic properties viewpoint but also for designing photonic devices 
with enhanced capabilities utilizing GeSn and related material systems. 
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In the field of photonics, it is a long-held goal to realise all-silicon based technologies. While silicon (Si) has been instrumental 
to the development of electronics, its use in photonics has been limited to passive components such as waveguides and devices 
such as photodetectors and modulators. The fundamental limitation of Si is its indirect band gap which significantly decreases 
the probability of light emission compared to direct band gap semiconductors such as GaAs.1 Various strategies have been 
developed to overcome this fundamental limitation, such as direct epitaxial growth and heterogeneous integration of 
conventional III-V semiconductors on Si.2–6 Germanium-tin (GeSn) offers the potential to engineer the first tunable group IV 
semiconductor alloy with a fundamentally direct band gap.7,8 In recent years this material system has received considerable 
attention as a viable pathway for the next generation of Si-compatible optoelectronic devices. Most significantly GeSn offers 
the potential to realise an efficient infrared light source on Si,9–11 with applications in optical interconnects and lab-on-chip 
trace gas detection. In addition narrow band gap semiconductors on Si offer opportunities for tunnelling enhancement in 
devices such as tunnelling-field effect transistors (TFETs) 12,13 for which GeSn is considered as a potential candidate system. 
14,15 Also, Si has demonstrated enhanced nonlinear effects which is important for nonlinear THz applications16, and these 
nonlinear effects are expected to get stronger in narrow band gap materials such as GeSn and its alloys.17 Due to recent 
advances in the growth of high crystalline quality GeSn and the diverse nature of its applications, the focus on GeSn alloys 
has gathered enormous pace.18–23 Critical to the development of these materials is obtaining a detailed understanding of the 
band structure evolution of GeSn and the influence of Sn concentration on its electronic and optical properties.  
Germanium (Ge) is fundamentally an indirect band gap semiconductor. The indirect energy gap, Eg(L) = 664 meV at 300 
K is between the highest valence band (VB) state at Γ and the lowest conduction band (CB) states at L. The lowest CB Γ state 
lies 136 meV above the L CB minimum.24 The bandstructure of bulk Ge is illustrated in Figure 1. The present discussion in 
the literature regarding the band gap evolution of GeSn alloys is based on the assumption that with increasing Sn composition 
there is a sharp transition from GeSn being an indirect band gap material to a direct one.18,19,25–27 However, there is a large 
degree of uncertainty for the Sn concentration at which this transition occurs, with typical values ranging from ~6-11% Sn.28–
31 Moreover, this analysis neglects alloy induced band mixing effects, which could render the assumption of a sharp direct to 
indirect band gap invalid. For an alloy with strong band mixing effects, rather than labelling a semiconductor as “direct” or 
“indirect” it is more appropriate to consider the fractional Γ-character of the CB edge (CBE). Thus, the fractional Γ-character 
describes what proportion of the lowest conduction states have Γ-like (direct) character. Both the optical gain in a laser32 and 
the tunnelling rate in a TFET at the band edge33 depend directly on the square of the Kane momentum matrix element, |P|2, 
which describes the coupling between the lowest conduction and highest valence states. This, in turn, is directly proportional 
to the fractional G character of the lowest CB states.34 Therefore, understanding the conduction Γ-L state mixing in GeSn is 
of central importance from a fundamental physics perspective, but also for designing the next generation of group IV electronic 
and optoelectronic devices.  
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Figure 1. Schematic illustration of the pure bulk Ge bandstructure at 300 K with the Γ, X and L pressure coefficients 
indicated with respect to the valence band edge at the Γ-point. 
 
In this work we show from both experiment and ab-initio theory that there is not a sharp direct to indirect transition in GeSn. 
Instead, the evolution of the GeSn optical and electronic properties is determined by band mixing effects between the Γ and 
L CB states. It is therefore more appropriate to discuss the nature of the GeSn band gap in terms of the fractional Γ character 
of the alloy fundamental band gap Eg rather than in the widely accepted frame of a sharp indirect to direct gap transition. In 
earlier theoretical studies these features have been neglected either through the choice of supercell,35 or through insensitivity 
of the model to these effects (e.g. treating the material in the virtual crystal approximation).36 Previous experimental works 
such as those based on photoreflectance are also insensitive to indirect transitions.37–39 
Using high hydrostatic pressure measurements, we address the question of the fractional Γ character of the CBE in GeSn 
alloys. The direct and indirect band gaps in Ge have distinctly different pressure dependencies, as illustrated in Fig.1. The 
value of the pressure coefficient may therefore be used to distinguish between direct and indirect band gap transitions in GeSn 
alloys. GeSn p-i-n diode samples with Sn concentrations of 6.1%, 6.4% and 9.2% (± 0.3%) are investigated using pressure 
dependent photovoltage spectroscopy measurements of the absorption edge. As discussed in detail below, with only 6% Sn, 
the pressure coefficient of the GeSn absorption edge, at 9.2 meV/kbar, is intermediate between that of the indirect L gap (4.3 
meV/kbar) and that of the direct G gap (12.9 meV/kbar), providing clear evidence of the substantial Γ character of Eg below 
what is typically predicted as the indirect-direct band gap crossover in GeSn alloys.28–31 Furthermore, we show that with 
increasing Sn concentration, the pressure coefficient increases monotonically, approaching that of the direct Γ gap. The 
intermediate value pressure coefficient for 6% Sn is analogous to that observed previously in dilute-nitride GaInNxAs1-x 
systems, where the reduced pressure coefficient was used to identify a band anti-crossing interaction between the GaInAs host 
matrix G CBE and N-related localised states lying above the CBE.34,40 
These experimental measurements are accompanied by hybrid functional density functional theory studies on structures that 
allow for Γ- and L-state mixing effects and account for alloy induced features on a microscopic level. The significant Γ 
character and transitional behaviour in the pressure coefficient observed in the experiment indicates band mixing effects 
between the CB states. The experimental findings are supported by our atomistic, first-principles calculations. The pressure 
dependent band edge calculations reveal very similar trends when compared to the experimental results, supporting the Γ-L 
state mixing effect. Moreover, our theoretical calculations give insight into the origin of the mixing between the different 
conduction band states.  
Overall, our combined experimental and theoretical work provides evidence of substantial Γ (direct-gap) character in GeSn, 
even at compositions where the band gap is expected to be indirect. The dominant Γ character, present even with 6% Sn 
concentrations is indicative of CB mixing effects. The analysis and conclusions presented here are fundamentally different to 
the usual assumption of a sharp indirect-to-direct band gap transition in GeSn alloys. Such band mixing can therefore lead to 
improved optical properties at lower Sn concentrations than would otherwise be expected, as well as opening an efficient 
tunnelling path in TFETs. But, at the same time the intrinsic alloy fluctuations may lead to an inhomogeneous broadening of 
the band edges, which impacts the TFET turn-on rate, reduces electron mobility and broadens the gain spectrum thereby 
reducing the peak gain. Therefore, a higher carrier density for transparency and threshold may be required in lasers. Although 
the composition dependence of mixing effects on broadening is uncertain, mixing is likely to be strongest near the 
indirect/direct band gap “crossover” and to become less important with increasing Sn content. 
 
RESULTS AND DISCUSSION 
The optical properties of GeSn are investigated using GeSn p-i-n photodiodes grown with low-temperature Chemical Vapour 
Deposition (CVD). The Double Heterostructure (DHS) p-i-n photodiodes were grown on a Si substrate using a thick strain 
relaxed, p-doped, Ge buffer as a virtual substrate. This was followed by the deposition of a 200nm unintentionally doped 
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GeSn film and an n-doped Ge cap layer. The Sn concentrations in the GeSn layer were measured as 6.1%, 6.4% and 9.2% 
using X-ray diffraction, with residual compressive strains of -0.5%, -0.4% and -0.5%. The high crystal quality of the GeSn 
layer was confirmed using cross-sectional transmission electron microscopy. Further details of the growth can be found 
elsewhere.41 The Sn concentrations correspond to the range of values where the contemporary literature predicts the indirect 
to direct band gap crossover to occur in GeSn.28–31 As we explain below, due to band mixing effects it is more appropriate to 
discuss the band gap character rather than the indirect or direct nature of the band gap over a critical composition range. An 
important metric is the fractional Γ character, which describes here the proportion of the CBE state that projects onto Γ-like 
bulk Ge states. The band edge optical recombination rate, tunnelling rate and optical gain are all expected to increase 
monotonically with increasing G character.32–34 
The Γ-character is determined experimentally using high hydrostatic pressure. Subjecting a crystalline solid to hydrostatic 
pressure reversibly compresses the sample while preserving crystal symmetries. The reduced lattice spacing modifies 
important features of the band structure such as the relative positions of the CB minima. Referenced from the top of the VB, 
the pressure coefficients of the Γ and L conduction band minima have been predicted theoretically as 12.9 meV/kbar and 4.34 
meV/kbar respectively in Ge42 (Figure 1), consistent with experimental values.43–45 The pressure coefficient of the relevant Γ 
states in α-Sn is comparable, (15.7 meV/kbar), and so the Γ pressure coefficient of the measured GeSn samples are not 
expected to differ significantly from that of pure Ge.42 The large difference in the pressure coefficients between Γ and L allows 
the Γ-character of the effective band edge to be determined. Hydrostatic pressure is therefore uniquely suited to investigate 
the fundamental properties of emerging and complex material systems such as GeSn.40 
The band edge character of GeSn is determined here by measuring the pressure coefficient of the effective band edge. For 
the purpose of this work, the effective band edge refers to the aggregate effect of the low energy CB states, which determines 
the optical properties of GeSn. The pressure coefficient was determined by extracting the absorption spectrum from 
photovoltage measurements and measuring the energy shift of the band edge under high pressure. Photovoltage spectra were 
obtained using a lock-in-amplifier and a Bentham grating-based monochromator with an integrated light source to select 
wavelengths. The monochromated light was modulated using an optical chopper. The linewidth for each wavelength 
measurement was 10 nm. For the high-pressure measurements, the GeSn photodiodes were housed inside a CuBe pressure 
cell with light focused through a sapphire window onto the device. Hydrostatic pressures of up to 5 kbar were applied using 
a compression system with helium gas as the pressure medium. Due to alloy disorder, the absorption spectrum will be 
composed of a complex distribution of direct and indirect-like transitions across a wide wavelength range. It is therefore 
essential to have a strong band edge feature in the resultant absorption spectrum which can be consistently measured under 
pressure. Taking the square of the absorption spectrum, plotted as a function of photon energy, and extrapolating the falling 
slope to the energy axis (Tauc’s equation46) gives good agreement with the peak of the electroluminescence spectrum 
measured at ambient pressure (Figure 2 (a)). 
 
        
Figure 2. (a) Electroluminescence and the square of the absorption coefficient measured at atmospheric pressure for the 
Ge0.936Sn0.064 photodiode. (b) Absorption spectra (α2) under hydrostatic pressure, measured at room temperature. 
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Figure 3. (a) The energy shift of α2 as a function of pressure from atmospheric pressure for Ge and GeSn photodiodes. The 
gradients of the pressure dependence give the pressure coefficients of the band edge, which are plotted as a function of Sn 
concentration in (b). The sigmoid plot is a guide to the eye. 
 
Due to the small aperture window in the high pressure cell, it was not possible to obtain electroluminescence under pressure 
owing to the low signal-to-noise ratio; however, this extrapolation procedure provides a strong and consistent method to 
establish the pressure coefficient of the effective band edge. Extrapolation of α2 has been used previously in the literature to 
determine the compositional dependence of the direct band gap of GeSn.47,48 However, as revealed by our high pressure 
measurements detailed below, the compositional dependence of the absorption edge is somewhat more complex, and we find 
from the pressure coefficients that what is measured as direct gap absorption can actually be absorption from states with mixed 
G (direct) and L (indirect) character. 
The method for determining the pressure coefficient of the effective band edge is illustrated in Figure 2 (b). With increasing 
pressure, the absorption edge shifts to higher energies, due to the positive pressure coefficients associated with the Γ- and L- 
conduction band minima. At each pressure, we observe a strong linear region in the α2 data. The measured relative shifts of 
the band edge as a function of pressure for the three GeSn photodiodes are presented in Figure 3 (a). In each case, there is a 
strong linear relationship between the shift of the absorption edge and the applied pressure value. A pressure coefficient can 
therefore be reliably determined for each sample. For comparison, the movement of the absorption edge of a commercial Ge 
photodiode is presented. As can be seen from Figure 3 (a) the pressure coefficient of 4.3 meV/kbar, derived for the Ge 
photodiode, is in good agreement with the pressure coefficient of the L conduction minima in pure Ge. The derived pressure 
coefficients of the GeSn photodiodes are 9.2 meV/kbar, 10.4 meV/kbar and 12.5 meV/kbar for the 6.1%, 6.4% and 9.2% Sn 
samples, respectively. 
 
There are a number of notable features in these results. Firstly, the pressure coefficient of 9.2 meV/kbar for the 6.1% Sn 
sample is just over midway between the L-point value (4.3 meV/kbar) and the Γ direct gap value (12.9 meV/kbar) of pure Ge. 
This provides evidence for substantial Γ character at the band edge in GeSn, even at a composition where the band gap is 
generally predicted to be indirect. The dominant Γ character of the band edge, even with such a low Sn concentration is, as 
we show below, evidence of CB mixing effects. Secondly, with increasing Sn concentration, there is a monotonic increase in 
the pressure coefficient of the band edge. Significantly, there is no sharp transition in the pressure coefficient with Sn 
concentration, as would be expected in conventional alloys such as GaAs49, AlGaAs50, InGaSb51 and AlInAs52. Instead, we 
observe a continuous increase in the Γ character with Sn concentration. This evolution is illustrated in Figure 3 (b), which 
plots the pressure coefficient as a function of Sn concentration, illustrating the asymptotical approach of the GeSn pressure 
coefficient to that of the Γ conduction band minimum of Ge. 
 
Theoretical Framework The experimental pressure results presented in the previous section provide a clear indication of Γ-L 
mixing in GeSn alloys with increasing Sn content. This challenges the widely accepted view of a sharp indirect-to-direct band 
gap transition.29,35,53,54 Here, we use density functional theory (DFT) calculations in the Heyd Scusceria Ernzerhof (HSE) 
hybrid functional scheme55–57 to further support, from a first principles approach, the experimental findings of a continuous 
evolution of the band gap from being indirect to direct. The details of our HSE-DFT calculations, implemented in the Vienna 
ab-initio software package (VASP),58,59 are given in the “Methods” section below. However, before turning to the results of 
our calculations, it is useful to discuss briefly theoretical approaches to analyse the evolution of the band structure and potential 
(conduction) band mixing effects in an alloy such as GeSn. A widely used approach to address this question is band unfolding, 
where the bands of the supercell are folded back to the larger original primitive first Brillouin zone.60–62 From the resulting 
unfolded band structure, the k character of the energetically lowest lying CB state in the Brillouin zone (e.g. at Γ- and/or the 
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L-point) can be identified. Analysing the spectral weights of this state at different k-points can then give insight into band 
mixing effects. However, depending on how many states are involved in the band mixing, it can be difficult to identify these 
contributions easily and clearly.  For example, because there are 4 L states in the unfolded band structure, and the lowest state 
at G can mix with all 4 of them, only a small fraction (25%) of this L character is associated with the one L point typically 
shown in an unfolded band structure. A quick visual inspection of the unfolded band structure can then significantly 
underestimate the amount of mixing present. Here we employ a different approach to study the evolution of the CBE character 
in GeSn alloys, namely performing hydrostatic pressure dependent DFT calculations. In doing so we obtain the same 
information as from the band unfolding, but with the additional benefits that we can (i) identify band mixing effects more 
clearly, given the large differences in G, L and X pressure coefficients and (ii) directly compare our theoretical results to the 
experimental data. 
 
Band structure calculations: Pressure dependence of band gap. To analyze the pressure dependence of the band gap in free-
standing GeSn alloys and to gain insight into the fundamental electronic structure properties of these systems from theory, we 
proceed in the following way. First, and key to this study, 16- and 64-atom supercells (SCs) have been chosen, for both of 
which the bulk Ge CB L and X states fold to the SC G point. With these states folding back in this way, band mixing can then 
occur between G and the high symmetry L and X CB states. This is in contrast to previous DFT calculations where SCs have 
been used to exactly avoid this mixing35 or where mixing effects have not been considered in the analysis of the band 
structure.36 Moreover, and in line with the experimental considerations, it is important to understand how the electronic 
structure and therefore the Γ–L conduction state mixing evolves with Sn content. Taking these two factors into account, Sn 
composition and Γ−L-CB state mixing, the following cells have been investigated in our theoretical analysis. To study very 
low Sn contents a 64 atom SC has been constructed where one Ge atom is replaced by a Sn atom (Ge63Sn1). This leaves us 
with a system of only 1.56% Sn (Ge0.9844Sn0.0156). Given that the experimental data, Figure 3 (a), shows clear indication of 
Γ−L state mixing for GeSn alloys with 6% Sn, we have primarily targeted this composition in the calculations. To analyze 
the importance of the alloy microstructure on the results for this composition, two different cells with nominally the same Sn 
content (6.25% Sn) have been generated. The first SC is again a 64 atom SC. Here, 4 Ge atoms have been replaced at random 
by 4 Sn atoms (Ge60Sn4). In addition, we have considered a 16 atom SC (face centred cubic (fcc) cell) with one Sn atom 
(Ge15Sn1). In this case, due to the small SC size and the periodic boundary conditions, a very ordered arrangement of the Sn 
atoms has been constructed. Below we discuss in more detail the impact of the SC size on the results. Using these cells, we 
have studied the composition and pressure dependence of the band gap energy Eg of the different systems. To do so, the 
structures have been initially relaxed (cell shape, volume and internal degrees of freedom of the atoms) to find the equilibrium 
lattice constant. To mimic the effect of pressure on the cell, the equilibrium lattice constant has been reduced and the internal 
atomic positions have been relaxed again at each pressure. Figure 4 shows the results of these calculations. 
 
 
Figure 4 The relative band gap ∆𝐸# as a function of the 
applied pressure from hybrid-functional density 
functional theory calculation. Calculations have been 
performed for GeSn supercells with different Sn contents. 
As a reference, calculated data for pure Ge bulk systems 
are also given. 
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Following the experimental approach, we have calculated here the relative band gap change DEg with pressure, meaning that 
the band gap shift with respect to the zero pressure data (equilibrium structure) is displayed. As a reference, we have performed 
the same calculation for a two atom, pure Ge cell. Again, this procedure is similar to the experimental setup. From the pure 
Ge cell the pressure dependence of the Ge band gap at the Γ-point, Δ𝐸%&'(Bulk) (red filled squares), and the fundamental band 
gap,	Δ𝐸)&'(Bulk) (green filled diamonds), between the valence band edge (Γ+,-state) and the conduction band edge at the L-
point (L6c-state), have been extracted. The pressure coefficient (dE(G)/dP)theo for Δ𝐸%&'(Bulk) is (dE(G)/dP)theo = 13.3 
meV/kbar. For the indirect band gap Δ𝐸)&'(Bulk) a pressure coefficient of (dE(L)/dP)theo = 4. 66 meV/kbar is calculated. These 
numbers are in very good agreement with the values ((dE(G)/dP)exp = 12.9 meV/kbar, (dE(L)/dP)exp = 4.34meV/kbar) given 
above. Starting with the 1.56% Sn data (Ge0.9844Sn0.0156, blue open circles) we find that the pressure dependence of the band 
gap energy at this very low Sn content (4.75 meV/kbar) is extremely close to the pressure coefficient of the indirect band gap 
of pure Ge (green filled diamonds in Fig.3), confirming an indirect band gap at very low Sn content. However, when turning 
to the 6.25% Sn systems (magenta and black open triangles in Figure 4), the calculated band gap pressure dependence of the 
GeSn alloy shows very similar results when compared to the experimental data, cf. Figure 3 (a). A closer inspection of the 
Figure 5 (a) Pressure dependence of the 11 energetically lowest zone centre conduction band (CB) states in 
Ge0.9844Sn0.0156 (64 atom supercell with 1 Sn and 63 Ge atoms, Ge63Sn1) with respect to the valence band (VB) edge 
energy. (b) Change in energies in (a) with pressure. Additionally, the pressure dependence of the pure Ge G- (red dashed), 
L- (black solid) and X- (blue dashed-dotted) gaps are also shown. (c) Same as (a) but for Ge0.9375Sn0.0625 (64 atom supercell 
with 4 Sn and 60 Ge atoms; Sn atoms randomly distributed; Ge60Sn4). (d) Same as in (b) for the Ge0.9375Sn0.0625 64 atom 
supercell. 
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6.25% Sn system reveals that even though the 16 (magenta open triangles in Figure 4) and the 64 (black open triangles) atom 
SCs have nominally the same Sn content, they exhibit clearly different pressure coefficients of 10.5 and 8.2 meV/kbar, 
respectively. This highlights that the alloy microstructure and the SC size  noticeably affect the electronic structure of this 
system. This effect will be investigated and discussed further below, when band mixing effects are investigated in more detail.  
Overall, the theoretical and experimental data show that by 6% Sn the alloy CBE has strong G character (>50% G in experiment 
and the 16-atom SC; >40% in the 64-atom SC considered). Consequently, when accounting for the CB G-L-state mixing in 
the calculations, our theoretical results are consistent with the experimental observation of a continuous transition from an 
indirect-to-direct band gap material. This aspect has been widely neglected in previous literature studies and sheds new light 
on the evolution of band gap in GeSn alloys with Sn content, clearly modifying the previous perception of a sharp indirect to 
direct band gap transition.29,35,53,54 
 
Band structure calculations: Band mixing effects. To further support this finding, we have studied the pressure dependence 
with respect to the VB edge of the first 11 CB states of the two 64 atom SCs considered here. The results of this study are 
displayed in Figure 5. The first row, Figure 5 (a) and (b), shows data for the 1.56% Sn system (Ge63Sn1). In Figure 5 (a) the 
energy separation of the first 11 CB states with respect to the VB edge energy at each pressure is displayed. Figure 5 (b) 
depicts the relative energy shift of the CB states with applied pressure. The results of the same analysis, but this time for the 
6.25% Sn system, carried out with a random distribution of 4 Sn atoms in a 64 atom SC (Ge60Sn4), are depicted in Figures 5 
(c) and (d).  
 
Band structure calculations: Band mixing effects at low Sn contents. We start with the analysis of the 1.56% Sn system (Figure 
5 (a) and (b)). When looking at the relative energetic positions of the different CB states with respect to the VB edge at each 
pressure, Figure 5 (a), we find that the first three CB states (𝛥𝐸./0,	𝛥𝐸1/0, 𝛥𝐸2/0) are degenerate in energy. When looking at 
their pressure dependence, Figure 5 (b), these states exhibit the pressure dependence of the CB L-state in pure Ge (black solid 
line in Figure 5 (b)), consistent with the band gap data in Figure 4 for 1.56% Sn. Before turning to Δ𝐸3/0 and Δ𝐸4/0 (triangles 
in Figure 5 (a)), we first look at Δ𝐸5/0 to Δ𝐸../0. Again, these states are almost degenerate in energy. Furthermore, they are 
energetically clearly separated from Δ𝐸./0 to Δ𝐸4/0. We attribute Δ𝐸5/0 to Δ𝐸../0 to X–like states. This is confirmed by their 
pressure dependence, cf. Figure 5 (b), which follows closely the pressure dependence of the Ge bulk X-CB state (blue dashed 
dotted line). A closer inspection of the pressure dependence of Δ𝐸../0 (light blue stars) reveals a slightly larger pressure 
coefficient than the other X-like states Δ𝐸5/0 to Δ𝐸.6/0. Before looking at this behaviour in detail, we examine the pressure 
dependence of Δ𝐸3/0 and Δ𝐸4/0 first. Here, these two states exhibit pressure coefficients which are intermediate between the 
pressure coefficients of Ge bulk CB L- (black solid) and G-states (red dashed). In the SCs considered here, one expects in 
general 4 L-like states, with three having p-like symmetry about the Sn atom and one having s-like symmetry. Therefore Δ𝐸3/0 
and Δ𝐸4/0 are a mixture of G- and L-states with s-like symmetry on the Sn site. Additionally, given that Δ𝐸../0 shows a slight 
deviation from the pure Ge X-like bulk pressure dependence we expect also a contribution from this X-like state to Δ𝐸3/0 and 
Δ𝐸4/0. The predicted mixing of the different states is further supported by the observation that the sum of the pressure 
coefficients of Δ𝐸3/0, Δ𝐸4/0 and Δ𝐸../0 is within 1 meV/kbar of the sum of the pressure coefficients of the bulk Ge G-, L- and 
X-states. Consequently, our data clearly indicate band mixing effects between s–like L-, G- and X-CB states. However, for 
the Sn content of 1.56% the mixed states lie above the CB minimum, and the CBE is still made up of states that are L-like in 
character. To understand the effect of increasing Sn content on band mixing effects and, thus, the connected consequences for 
the band gap of GeSn alloys, we turn now to the 64 atom SC with a random distribution of 4 Sn atoms. 
 
Band structure calculations: Band mixing effects at higher Sn contents. In comparison to the 1.56% Sn case, cf. Figure 5 (b), 
the striking difference in the 6.25% Sn case is that the lowest CB state (Δ𝐸./0, green squares), Figures 5 (c,d), has a pressure 
coefficient intermediate between the Ge bulk CB G- (red dashed line) and L-state (black solid line), with a second state, Δ𝐸4/0 
(green triangles) also having an intermediate pressure coefficient. Again, this indicates G-L-state mixing due to Sn 
incorporation in the SC. Looking now at the other CB states, Figure 5 (c), Δ𝐸1/0 to Δ𝐸3/0are all L state related, as confirmed 
by their pressure dependence, Figure 5 (d). Due to alloy disorder, their degeneracy is lifted. Δ𝐸5/0 to Δ𝐸../0 are again X-like in 
character, with some mixing from G- and L-like states, as can be seen from their pressure dependence, Figure 5 (d). Our results 
on the 16 atom fcc SC with just 1 Sn atom, but nominally the same Sn content, give similar trends in the pressure dependence 
of the band gap as the 64-atom random alloy SC (cf. Figure 4). But, as one can infer from Figure 4, a higher pressure coefficient 
of the band gap is observed in the 16 atom fcc SC. We attribute this to the small SC size and the resulting long-range 
correlations (ordering) introduced by the periodic boundary conditions, which leads to increased Γ character for the lowest 
conduction state in the 16 atom fcc SC compared to the 64-atom random structure considered. This comparison highlights 
that further studies are required to understand the impact of the SC size on the CB mixing effects in full detail. To do so, 
systems with several hundred to thousands of atoms would need to be studied, in order to minimize the influence of long 
range ordering arising from the periodic boundary conditions of the simulation cell. However, systems of such size are beyond 
the capabilities of standard DFT approaches. Consequently, empirical models, such as the tight-binding or (30 band) k.p 
models are required. However, these empirical methods have to be benchmarked against, for example, DFT results to obtain 
reliable results. Therefore, our presented HSE-DFT calculations not only provide new insight into the electronic structure of 
GeSn alloys, they can now also serve as a starting point for developing empirical models to study the electronic and optical 
properties of these systems. Overall, even without using these very large SCs, our calculations support that band mixing 
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effects in GeSn alloys lead to a continuous evolution of the material from being an indirect band gap system to a direct one.  
 
To summarise, in this work we investigated the compositional dependence of the band gap character of GeSn both from theory 
and experiment. On the experimental side, three GeSn alloys were studied with Sn concentrations between 6%-10%. The 
experimental approach uses hydrostatic pressure to reversibly modify the electronic band structure of GeSn. The substantial 
difference in the CB pressure coefficients of Γ and L allow their contributions to the effective band edge to be determined 
under pressure. Measuring the effect of hydrostatic pressures on the absorption edge, we derived pressure coefficients of the 
effective band edge, as a function of Sn composition. In these results we observe a continuous evolution in the band gap 
character, with increasing Γ-like character as a function of Sn concentration. Considerable Γ-like character is observed at 6% 
Sn in the GeSn alloy, contrary to the general expectation that this alloy should have an indirect band gap. The dominant Γ-
like character and its continuous compositional dependence are indicative of band mixing effects. To investigate the impact 
of band mixing on the electronic properties of GeSn further, the band structure was calculated using hybrid functional DFT. 
These calculations further supported the experimentally observed band mixing effects and thus a continuous evolution of the 
band gap from being indirect to direct. Therefore, our results offer a detailed fundamental understanding of the electronic and 
optical properties of GeSn alloys. Band mixing effects have important implications for the viability of future electronic and 
photonic devices based on GeSn alloys. One consequence of band mixing is improved optical properties at lower Sn 
concentrations than would otherwise be expected. However, mixing and random alloy fluctuations may lead to an intrinsic 
inhomogeneous broadening of band edges. This would broaden the gain spectrum, requiring a higher carrier density for 
transparency and threshold. Interband tunnelling could likewise be enhanced at lower Sn concentrations but with 
inhomogeneous broadening reducing the rate at which current increases with voltage. In addition, strong mixing effects will 
increase electron scattering in conventional electronic devices, thereby reducing electron mobility compared to that expected 
using a virtual crystal approximation. While the composition dependence of mixing effects is not yet known it is likely to be 
strongest near the indirect/direct band gap “crossover” and become less important with increasing Sn content. 
 
METHODS 
 
Sample Fabrication. The samples were fabricated into circular mesa structures with diameters of 100, 250 and 500 μm using 
photo lithography and wet etching processes.  The wet chemical etch (HCl: H2O2: H2O=1:1:20 at room temperature) showed 
a stable etching rate of 100 nm/min regardless of Sn composition. A 100-nm-thick SiO2 passivation layer was then deposited 
by plasma-enhanced chemical vapour deposition followed by the openings made for the metal contacts. The p- and n-type 
metal contacts consist of 10 nm Cr and 200 nm Au defined by metal deposition and liftoff processes. 
 
Photovoltage Measurements. For the photovoltage measurements, light from a broadband source was selected using a 
Bentham TMc300 Triple Grating Monochromator. The photocurrent was measured using a Stanford Research Systems SR830 
lock-in amplifier. The devices were mounted onto Transistor Outline (TO) headers. Thermoconductive epoxy was used as an 
adhesive with gold wire bonding to the n- and p- contacts. The device was loaded into a non-magnetic CuBe high pressure 
cell. Hydrostatic pressure was applied with a gas compression system (UniPress) using helium gas as an inert hydrostatic 
pressure medium. Optical access was provided through a small sapphire window in the high pressure cell and the light was 
focused onto the mesa. The absorption spectrum was derived from the photovoltage, after correcting for the output spectrum 
of the light source and system response. The absorption in the thin 50 nm Ge cap layer was assumed to be negligible and 
therefore neglected. 
 
Theory. All our density functional theory (DFT) studies have been performed within the Heyd Scuseria Ernzerhof (HSE) 
hybrid functional scheme, using the projector augmented-wave (PAW) method.63,64  More specifically we apply here the 
HSEsol scheme.57  The calculations have been carried out in the framework of the plane-wave-based ab initio package 
VASP.59,64  For an accurate description of the CB and VB structures of both Ge and a-Sn we have used the following settings: 
the screening parameter μ was set to 0.2 Å-1 while the exact exchange mixing parameter is 0.3. To avoid artefacts from Pullay 
stresses when performing structural relaxations and connected electronic structure calculations, a large plane wave cut-off 
energy of 400 eV was used. For the bulk calculations, the underlying Γ-centered k-point grid is 6x6x6. For the SC calculations 
(16 atom face centred cubic cell, and 64 atom cubic cells) a 3x3x3 Γ-centered k-point mesh was applied. Our calculations 
include spin-orbit coupling (SOC) to achieve an accurate description of the a-Sn band structure at the Γ-point. The semi-core 
d-states in Ge and Sn were treated as core electrons, since several studies have reported that unfreezing them has a negligible 
effect on the electronic structure.35,65 Within this theoretical framework the conduction band splitting between Γ-L states in 
Ge is 143 meV, which is in very good agreement with the literature data. Furthermore, for α-Sn we calculate a SOC energy 
DEso of DEso=0.751 eV and a negative band gap of EgΓ= – 0.373 eV. Again these numbers are in good agreement with the 
experimental (DEso=0.8 eV66; EgΓ= – 0.413 eV66) and theoretical literature (DEso=0.681 eV65; EgΓ= – 0.519 eV65) data. We 
conclude that the DFT approach used is ideally suited to investigate GeSn alloys on a first-principles level and can form the 
basis for developing empirical (atomistic) models. 
 
 
ACKNOWLEDGEMENTS 
This work was supported in part by the EPSRC (UK) Projects EP/H005587/01, and EP/N021037/1, and in part by Science 
Foundation Ireland (13/SIRG/2210, 14/IA/2513, 15/IA/3082), with computing resources at Tyndall National Institute 
9 
 
supported by Science Foundation Ireland (SFI) and at Irish Centre for High End Computing (ICHEC) funded by SFI and 
Higher Education Authority. T. D. Eales was supported by EPSRC (UK) through a Ph.D. studentship. W. Yu appreciates 
support from National Science Foundation (NSF) under DMR-1149605 and from the Air Force Office of Scientific Research 
(AFOSR) under FA9550-14-1-0205. The authors would also like to thank B. N. Murdin for advice on the preparation and 
contents of the manuscript. The data associated with this work are available from the University of Surrey publications 
repository at https://doi.org/10.5281/zenodo.3369927  
 
 
 
Author Contributions 
S.J.S conceived the experimental aspects of the project. T.D.E and I.P.M performed the experiments. E.O’R and S.S conceived 
and S.S and E.O’H undertook the theoretical calculations. S.A.G, W.D, Y.Z, S.Y, J.M and J.T, designed, grew and fabricated 
the structures. S.J.S, E.O’R, T.D.E, S.S analysed the data and co-wrote the paper. 
 
Additional Information 
Competing Interests: The authors declare no competing interests. 
 
REFERENCES 
 
1. Liang, D. & Bowers, J. E. Recent progress in lasers on silicon. Nat. Photonics 4, 511–517 (2010). 
2. Chen, S. et al. Electrically pumped continuous-wave III–V quantum dot lasers on silicon. Nat. Photonics 10, 307–
311 (2016). 
3. Justice, J. et al. Wafer-scale integration of group III-V lasers on silicon using transfer printing of epitaxial layers. 
Nat. Photonics 6, 610–614 (2012). 
4. Yang, H. et al. Transfer-printed stacked nanomembrane lasers on silicon. Nat. Photonics 6, 617–622 (2012). 
5. Wang, Z. et al. Room Temperature InP DFB Laser Array Directly Grown on (001) Silicon. Nat. Photonics 9, 837–
842 (2015). 
6. Read, G. W., Marko, I. P., Hossain, N. & Sweeney, S. J. Physical properties and characteristics of III-V lasers on 
silicon. IEEE J. Sel. Top. Quantum Electron. 21, (2015). 
7. He, G. & Atwater, H. A. Interband Transitions in SnxGe1-x Alloys. Phys. Rev. Lett. 79, 1937–1940 (1997). 
8. Soref, R. Mid-infrared photonics in silicon and germanium. Nat. Photonics 4, 495–497 (2010). 
9. Liu, J. et al. Tensile-strained, n-type Ge as a gain medium for monolithic laser integration on Si. Opt. Express 15, 
11272–11277 (2007). 
10. Dutt, B. et al. Theoretical analysis of GeSn alloys as a gain medium for a Si-compatible laser. IEEE J. Sel. Top. 
Quantum Electron. 19, (2013). 
11. Wirths, S. et al. Tensely strained GeSn alloys as optical gain media. Appl. Phys. Lett. 103, (2013). 
12. Hu, C. Green transistor as a solution to the IC power crisis. in International Conference on Solid-State and 
Integrated Circuits Technology Proceedings, ICSICT 16–19 (IEEE, 2008). 
13. Sant, S. & Schenk, A. Pseudopotential calculations of strained-GeSn / SiGeSn hetero-structures. Appl. Phys. Lett. 
105, 1–5 (2014). 
14. Liu, L., Liang, R., Wang, J., Xiao, L. & Xu, J. Simulation of GeSn/Ge tunneling field-effect transistors for 
complementary logic applications. Appl. Phys. Express 9, 091301 (2016). 
15. Kumar, K., Hsieh, Y.-F., Liao, J.-H., Kao, K.-H. & Wang, Y.-H. Significance of Multivalley and Nonparabolic 
Band Structure for GeSn TFET Simulation. IEEE Trans. Electron Devices 65, 4709–4715 (2018). 
16. van Loon, M. A. W. et al. Giant multiphoton absorption for THz resonances in silicon hydrogenic donors. Nat. 
Photonics 12, 179–184 (2018). 
17. De Leonardis, F., Troia, B., Soref, R. A. & Passaro, V. M. N. Dispersion of nonresonant third-order nonlinearities in 
GeSiSn ternary alloys. Sci. Rep. 6, 32622 (2017). 
18. Wirths, S. et al. Lasing in direct-bandgap GeSn alloy grown on Si. Nat. Photonics 9, 88–92 (2015). 
19. Jin, L. et al. Large area Germanium Tin nanometer optical film coatings on highly flexible aluminum substrates. 
Sci. Rep. 6, 34030 (2016). 
20. Biswas, S. et al. Non-equilibrium induction of tin in germnaium towards direct bandgap GeSn nanowires. Nat. 
Commun. 7, 1–7 (2015). 
21. Stange, D. et al. Optically Pumped GeSn Microdisk Lasers on Si. ACS Photonics 3, 1279–1285 (2016). 
22. Margetis, J. et al. Si-Based GeSn Lasers with Wavelength Coverage of 2–3 μm and Operating Temperatures up to 
180 K. ACS Photonics 5, 827–833 (2018). 
23. Stange, D. et al. GeSn/SiGeSn Heterostructure and Multi Quantum Well Lasers. ACS Photonics 5, 4628–4636 
(2018). 
24. Liu, J. et al. Ge-on-Si optoelectronics. Thin Solid Films 520, 3354–3360 (2012). 
25. Mączko, H. S., Kudrawiec, R. & Gladysiewicz, M. Material gain engineering in GeSn/Ge quantum wells integrated 
with an Si platform. Sci. Rep. 6, 34082 (2016). 
26. Sun, G., Soref, R. A. & Cheng, H. H. Design of a Si-based lattice-matched room- temperature GeSn / GeSiSn multi-
quantum-well mid-infrared laser diode. Opt. Express 18, 19957–19965 (2010). 
10 
 
27. Moontragoon, P., Soref, R. A. & Ikonic, Z. The direct and indirect bandgaps of unstrained Si xGe 1-x-ySn y and 
their photonic device applications. J. Appl. Phys. 112, (2012). 
28. Gupta, S., Magyari-Köpe, B., Nishi, Y. & Saraswat, K. C. Achieving direct band gap in germanium through 
integration of Sn alloying and external strain. J. Appl. Phys. 113, 073707 (2013). 
29. Moontragoon, P., Ikonić, Z. & Harrison, P. Band structure calculations of Si-Ge-Sn alloys: achieving direct band 
gap materials. Semicond. Sci. Technol. 22, 742–748 (2007). 
30. Yin, W. J., Gong, X. G. & Wei, S. H. Origin of the unusually large band-gap bowing and the breakdown of the 
band-edge distribution rule in the SnxGe1-xalloys. Phys. Rev. B 78, 1–4 (2008). 
31. Chibane, Y. & Ferhat, M. Electronic structure of SnxGe1-x alloys for small Sn compositions: Unusual structural and 
electronic properties. J. Appl. Phys. 107, 053512 (2010). 
32. Tomić, S. & O’Reilly, E. P. Gain characteristics of ideal dilute nitride quantum well lasers. Phys. E Low-
Dimensional Syst. Nanostructures 13, 1102–1105 (2002). 
33. Pan, A. & Chui, C. O. Modeling direct interband tunneling. I. Bulk semiconductors. J. Appl. Phys. 116, (2014). 
34. Lindsay, A. & O’Reilly, E. P. Unification of the band anticrossing and cluster-state models of dilute nitride 
semiconductor alloys. Phys. Rev. Lett. 93, 3–6 (2004). 
35. Eckhardt, C., Hummer, K. & Kresse, G. Indirect-to-direct gap transition in strained and unstrained SnxGe1-x alloys. 
Phys. Rev. B 89, 1–9 (2014). 
36. Jenkins, D. & Dow, J. Electronic properties of metastable GexSn1-x alloys. Phys. Rev. B 36, 7994–8000 (1987). 
37. Dybała, F. et al. Electromodulation spectroscopy of direct optical transitions in Ge1-xSnx layers under hydrostatic 
pressure and built-in strain. J. Appl. Phys. 119, 215703 (2016). 
38. Lin, H. et al. Investigation of the direct band gaps in Ge1-xSnx alloys with strain control by photoreflectance 
spectroscopy. Appl. Phys. Lett. 100, 102109 (2012). 
39. Zelazna, K. et al. Electronic band structure of compressively strained Ge1-xSnx with x < 0.11 studied by contactless 
electroreflectance. Appl. Phys. Lett. 106, 142102 (2015). 
40. Shan, W. et al. Band Anticrossing in GaInNAs Alloys. Phys. Rev. Lett. 82, 1221–1224 (1999). 
41. Zhou, Y. et al. Systematic study of GeSn heterostructure-based light-emitting diodes towards mid-infrared 
applications. J. Appl. Phys. 120, 023102 (2016). 
42. Wei, S. & Zunger, A. Predicted band-gap pressure coefficients of all diamond and zinc-blende semiconductors: 
Chemical trends (Wei). Phys. Rev. B 60, 5404–5411 (1999). 
43. Cardona, M. & Paul, W. Pressure dependence of the direct energy gap in germanium. J. Phys. Chem. Solids 17, 
138–142 (1960). 
44. Welber, B., Cardona, M., Tsay, Y.-F. & Bendow, B. Effect of hydrostatic pressure on the direct absorption edge of 
germanium. Phys. Rev. B 15, 875–879 (1977). 
45. Goni, A. R., Syassen, K., Strossner, K. & Cardona, M. Pressure dependence of the direct optical gap and refractive 
index of Ge and GaAs. Semicond. Sci. Technol. 4, 246–247 (1989). 
46. Pankove, J. I. Fundamental Absorption. in Optical processes in semiconductors 34–52 (Dover Publication, Inc, 
1975). 
47. Kasper, E., Kittler, M., Oehme, M. & Arguirov, T. Germanium tin: silicon photonics toward the mid-infrared 
[Invited]. Photonics Res. 1, 69–76 (2013). 
48. Oehme, M. et al. Franz-Keldysh effect in GeSn pin photodetectors. Appl. Phys. Lett. 104, 161115 (2014). 
49. Goni, A. R., Strössner, K., Syassen, K. & Cardona, M. Pressure dependence of direct and indirect optical absorption 
in GaAs. Phys. Rev. B 36, 1581–1587 (1987). 
50. Venkateswaran, U. et al. High pressure study of GaAsAlxGa1-xAs quantum wells at low temperatures. Superlattices 
Microstruct. 3, 217–223 (1987). 
51. Warburton, R. . et al. High-pressure investigation of GaSb and Ga1-xInxSb/GaSb quantum wells. Phys. Rev. B 43, 
4994–5000 (1991). 
52. Zhou, H.-P. & Sotomayor-Torres, C. M. Luminescence properties of Al0.48In0.52As under hydrostatic pressure. SPIE 
96 (1992). doi:10.1117/12.60445 
53. Jiang, L. et al. Development of light emitting group IV ternary alloys on Si platforms for long wavelength 
optoelectronic applications. Chem. Mater. 26, 2522–2531 (2014). 
54. Stange, D. et al. Optical Transitions in Direct-Bandgap Ge1-xSnx Alloys. ACS Photonics 2, 1539–1545 (2015). 
55. Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. J. Chem. 
Phys. 118, 8207–8215 (2003). 
56. Heyd, J. & Scuseria, G. E. Efficient hybrid density functional calculations in solids: Assessment of the Heyd-
Scuseria-Ernzerhof screened Coulomb hybrid functional. J. Chem. Phys. 121, 1187–1192 (2004). 
57. Schimka, L., Harl, J. & Kresse, G. Improved hybrid functional for solids: The HSEsol functional. J. Chem. Phys. 
134, 1–11 (2011). 
58. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave 
basis set. Phys. Rev. B 54, 11169–11186 (1996). 
59. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a 
plane-wave basis set. Comput. Mater. Sci. 6, 15–50 (1996). 
60. Medeiros, P. V. C., Stafström, S. & Björk, J. Effects of extrinsic and intrinsic perturbations on the electronic 
structure of graphene: Retaining an effective primitive cell band structure by band unfolding. Phys. Rev. B 89, 
11 
 
041407 (2014). 
61. Popescu, V. & Zunger, A. Extracting E versus k effective band structure from supercell calculations on alloys and 
impurities. Phys. Rev. B 85, 085201 (2012). 
62. Polak, M. P., Scharoch, P. & Kudrawiec, R. The electronic band structure of Ge1− x Snx in the full composition 
range: indirect, direct, and inverted gaps regimes, band offsets, and the Burstein–Moss effect. J. Phys. D. Appl. 
Phys. 50, 195103 (2017). 
63. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979 (1994). 
64. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 
1758–1775 (1999). 
65. Küfner, S., Furthmüller, J., Matthes, L., Fitzner, M. & Bechstedt, F. Structural and electronic properties of α-tin 
nanocrystals from first principles. Phys. Rev. B 87, 235307 (2013). 
66. Groves, S. H., Pidgeon, C. R., Ewald, A. W. & Wagner, R. J. Interband magnetoreflection of α-Sn. J. Phys. Chem. 
Solids 31, 2031–2049 (1970). 
 
 
